12 United States Patent

US009432563B2

(10) Patent No.: US 9.432.563 B2

Blayvas 45) Date of Patent: Aug. 30, 2016
(54) THREE-DIMENSIONAL IMAGING 2002/0054299 Al1* 5/2002 Freifeld ............... GO1B 11/024
THROUGH MULTI-IMAGE PROCESSING | 356/625
2007/0159640 Al* 7/2007 Berestov ...........cccoenne 356/611
_ 2008/0253455 Al1* 10/2008 Van Zon et al. ......... 375/240.16
(75) Inventor: llya Blayvas, Holon (IL) 2009/0059057 A1*  3/2009 Long et al. .ooooooovo..... 348/343
. . : 2009/0059204 A1* 3/2009 Harnisetal. .......oovvveninin, 356/51
(73) Assignee: Broadcom Corporation, Irvine, CA 2009/0208102 Al* 82009 Watanabe ................ 382/168
(US) 2011/0157155 Al*  6/2011 Turner et al. ................. 345/419
2013/0329088 Al 12/2013 Blayvas
(*) Notice: Subject to any disclaimer, the term of this . _
patent is extended or adjusted under 35 cited by examiner
U.S.C. 134(b) by 931 days.
(21) Appl No.: 13/569.382 Prfmary Examiner — Luke Ratcliffe
| Assistant Examiner — Samantha K Abraham
(22)  Filed: Aug. 3, 2012 (74) Attorney, Agent, or Firm — McDermott Will & Emery
(65) Prior Publication Data LLP
US 2014/0043435 Al Feb. 13, 2014
(57) ABSTRACT
(51) Inmnt. CL
G0I1C 3/08 (2006.01) Embodiments of imaging devices of the present disclosure
HO4N 5/232 (2006.01) automatically utilize sequential image captures 1n an 1mage
HO4N 13/02 (2006.01) processing pipeline. In one embodiment, control processing
(52) U.S. CL circuitry captures a plurality of sub-frames, each of the
CPC .......... HO4N 57232 (2013.01); HO4N 13/0235 sub-frames comprising a representation of a scene captured
(2013.01); HO4N 13/0271 (2013.01) at a different focus position of a lens. A depth map of the
(58) Field of Classification Search scene may be generated comprising a depth of the portion of
CPOC e HO4N 13/02 the scene based at least upon the focus position at which the
See application file for complete search history. one of the sub-frames was captured. An output frame of the
_ scene may also be generated by utilizing pixel values of the
(56) References Cited sub-frame which are determined to be at optimal focus

U.S. PATENT DOCUMENTS positions.
5,793,900 A * &/1998 Nourbakhsh et al. ........ 382/263
7.339.993 B1* 3/2008 Brooksetal. ........... 375/240.26 20 Claims, 10 Drawing Sheets
T |
| ENCODER er CAMERA
107 || INTERFACE 106
| I
MEMORY 108
SUB-FRAME | ~ y 5 | SUB-FRAME OUTPUT DEPTH MAP
109A 109N FRAME 191 192
A F Y A A

IMAGING DEVICE 150

LENS 110

LENS CONTROLLER 111

IMAGE SENSOR 101
A

Y

SUB-FRAME ISP
103

!

h J

OUTPUT FRAME ISP

CONTROL LOGIC
105

104

IMAGE PROCESSING
CIRCUITRY

100




U.S. Patent Aug. 30, 2016 Sheet 1 of 10 US 9,432,563 B2

| |
' ENCODER 1 CAMERA
o107 INTERFACE 106
I |
MEMORY 108
SUB-FRAME | 4 o o | SUB-FRAME OUTPUT DEPTH MAP
109A 109N FRAME 191 192

IMAGING DEVICE 150

LENS 110 |

LENS CONTROLLER 111

IMAGE SENSOR 107

A

SUB-FRAME ISP
103

OUTPUT FRAME ISP

104

CONTROL LOGIC
105 IMAGE PROCESSING

CIRCUITRY
100

FIG. 1




US 9,432,563 B2

Sheet 2 of 10

Aug. 30, 2016

U.S. Patent

SW ‘[awl |

awell-gng

B EEE—
¢l ¥0I

CS

S

C Swel

96

CS

88 08

0SS

.

LS

¢ Old

Z SWEel
¢/, V9 9¢6 g8y OF
CS $S €S 7S LS

| SWEJ

B — -
ce ve 9l 8 0

cS S €S 7S LS

soue)sIp

AjuLU|

SN0



¢ Old

W ‘souelisiq @ Juj W17 Wiz Wi | | w0 w/'0 w90 WG w0

US 9,432,563 B2

XopU| sWell-gqns Q| 6 8

yA 9 G
‘-—- ENN.O

\

14 € 4 |

Sheet 3 of 10

Aug. 30, 2016

2INSesN
SN20

U.S. Patent



U.S. Patent Aug. 30, 2016 Sheet 4 of 10 US 9,432,563 B2

-——————————————————————————————————————————q

h 15t Processing | ond Processing OUT
Element 201 Element402 | =~ —T >

OUTPUT FRAME
ISP 104




U.S. Patent Aug. 30, 2016 Sheet 5 of 10 US 9,432,563 B2

FIRST PATH

</

i______

| »| 15 Processing \
Element 511

2"d Processing
Element 512

s e e e e |
| |
| |
|
N | L OUT
|
| |
| 18t Processing 2nd Processing |
: Element 521 Element 522 > : ’
| |
. OUTPUT FRAME ,
: ISP 104 SECOND PATH :
|

FIG. 5



US 9,432,563 B2

Sheet 6 of 10

Aug. 30, 2016

U.S. Patent

a0}

40V4dd1NI
VddNVO

g0l
AJONdN

701 dSI
HLVd ANOD4S JNVYE4 LNdLNO

129 Jusw|3
PuUISS920.d 5]

¢c9 jusws|3
PuISS8201d pu?

119 usws|3

¢l9usws|3

BuISS8204d pu? BuIsSsSe00.1d sl

101

dOSNIS
JOVIAI




US 9,432,563 B2

Sheet 7 of 10

Aug. 30, 2016

U.S. Patent

dNVdd LNd1NO

Juswia|g Juswia|3
buissed0ld pu? PuISS820.d ;51

801
AJONIN

102
dOX3d1dIL 1NN

col
dS| JINVAHI-9NS



U.S. Patent Aug. 30, 2016 Sheet 8 of 10 US 9,432,563 B2

803

Determine the focus range and the number of

sub-frames to capture

304
\ Determine the accelerated input frame rate to
be used in acquiring the sub-frames
3006

Position the lens at the start of the focus
range

809

Capture a sub-frame at the present focus
position at the accelerated input frame rate

3812
Store the sub-frame In the next image buffer
318 315
Position the lens at the next focus Y Sub-frr_:,ames
osition Remain for
P Capture?




U.S. Patent Aug. 30, 2016 Sheet 9 of 10 US 9,432,563 B2

03
906
09

9

9

Determine a sub-frame having a selected
region of the scene captured most sharply
912

Calculate a depth for the selected region based

at least upon the focus position of the lens used
to capture the sub-frame

913
Insert the depth of the selected region into the
depth map for the scene

915

Regions Remain
for Selection?

918 N
Generate a composite frame of the scene based upon
the sub-frame(s) selected for each region
021
Output the output frame individually or as part of a
video sequence at an output frame rate
924

Output the depth map individually (or as a sequence/
stream) and/or In combination with the output frame at
the output frame rate




0L Old

0801 (S)3oIN3d 0S01 0701 (S)32IN3d
ONIDVII AHOW3IN JOVHOIS

US 9,432,563 B2

Sheet 10 of 10

0201

(S)40SS3D0Hd

Aug. 30, 2016

0401 0L01 0601 AdLINOdIO
AV 1dSId S140d O/l INISSI00dd ONIDVAI

U.S. Patent

0901 d0dNOS

d3AMOd

0501 JOIAId

AJOMLAN

GO0l



US 9,432,563 B2

1

THREE-DIMENSIONAL IMAGING
THROUGH MULTI-IMAGE PROCESSING

BACKGROUND

Digital imaging devices (e.g., smartphones, tablet com-
puters, still image cameras, video cameras, etc.) are ubig-
uitous. Traditionally, most digital imaging devices provide
content in a two-dimensional (2-D) format. However, three-
dimensional (3-D) content acquisition 1s acquiring ever
increasing importance due to various existing and emerging
applications such as, for example, 3-D body and face
tracking, 3-D scanning or mapping ol objects, and other
possible applications.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the present disclosure can be better
understood with reference to the following drawings. The
components in the drawings are not necessarily to scale,
emphasis mnstead being placed upon clearly illustrating the
principles of the present disclosure. Moreover, 1n the draw-
ings, like reference numerals designate corresponding parts
throughout the several views.

FIG. 1 1s a block diagram of one embodiment of 1mage
processing circuitry according to the present disclosure.

FIG. 2 1s an exemplary plot of a time sequence of the
sub-frames and corresponding lens positions 1n accordance
with embodiments of the present disclosure.

FI1G. 3 1s an exemplary plot of focus measurements versus
focus distances in accordance with embodiments of the
present disclosure.

FIGS. 4-7 are block diagrams of embodiments of an
image signal processing pipeline implemented by the output
frame ISP of the image processing circuitry of FIG. 1.

FIGS. 8 and 9 are flow chart diagrams depicting various
functionalities of embodiments of i1mage processing cir-
cuitry of FIG. 1.

FI1G. 10 15 a block diagram illustrating an embodiment of

an electronic device employing the 1image processing cir-
cuitry of FIG. 1.

DETAILED DESCRIPTION

This disclosure provides systems and methods for auto-
matically utilizing sequential 1image captures in an 1mage
processing pipeline of an 1maging device such as, for
example a digital camera or digital video camera. One of
ordinary skill 1n the art would recognize that the techniques
disclosed may also be applied to other contexts and appli-
cations as well. For cameras 1n devices such as, for example,
digital cameras, digital video cameras, mobile phones, per-
sonal data assistants (PDAs), tablets, portable music players,
desktop and/or laptop computers, etc., techniques such as
those disclosed herein can improve image quality without
incurring significant computational overhead or power costs.

To acquire 1mage data, a digital imaging device may
include an 1mage sensor that provides a number of light-
detecting elements (e.g., photodetectors) configured to con-
vert light detected by the image sensor into an electrical
signal. An 1image sensor may also include a color filter array
that filters light captured by the image sensor to capture
color information. The image data captured by the image
sensor may then be processed by an i1mage processing
pipeline circuitry, which may apply a number of various
image processing operations to the image data to generate a
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full color image that may be stored, transmitted, and/or
displayed for viewing on a display device, such as a monitor.

Embodiments of the present disclosure provide various
imaging enhancements such as, for example, 3-D imaging,
depth of field enhancements, depth maps, noise reduction,
high dynamic range (HDR) mmaging, and other enhance-
ments, enabled by sequentially capturing multiple 2-D
images (“‘sub-frames™) of a scene, each at a different focus
position. According to various embodiments, multiple
images or frames may be acquired and integrated to produce
an output image or frame at an output frame rate. Accord-
ingly, the acquired images or sub-frames may be captured at
an accelerated mput frame rate to allow for the output image
or frame to be generated at the output frame rate. For
example, sub-frames may be acquired at an input frame rate
of 300 frames per second (300 ips) while the output frame
1s generated at an output frame rate of 30 Ips.

Accordingly, an output frame and potentially a depth map
of the scene are created based upon 1dentifying portions of
the scene that are sharpest or optimal from among the
sub-frames. In order to make an accurate comparison irom
among the sub-frames, the orientation of the scene within
the sub-frames as captured should be substantially similar.
One technique for ensuring uniformity 1s capturing the
sub-frames 1n rapid succession relative to the speed of
movement in the scene.

Reterring to FIG. 1, a block diagram of one embodiment
of an 1mage processing circuitry 100 1s shown for an
imaging device 150. The illustrated imaging device 150 may
be provided as a digital camera configured to acquire both
still images and moving 1images (e.g., video). The imaging
device 150 may include a lens 110, a lens controller 111, and
an 1mage sensor 101. The lens controller 111 1s configured
to adjust at least the focal distance of the lens 110. As a
non-limiting example, the lens controller 111 may include a
sonic coil actuator, a piezoelectric actuator, and/or other type
of motor as can be appreciated. The image sensor 101 may
be configured to capture and convert light into electrical
signals. As a non-limiting example, the 1image sensor 101
may include a CMOS (complementary metal-oxide-semi-
conductor) 1mage sensor (e.g., a CMOS active-pixel sensor
(APS)), a CCD (charge-coupled device) image sensor, or
other type of 1mage sensor as can be appreciated.

In some embodiments, the 1mage processing circuitry 100
may include various subcomponents and/or discrete units of
logic that collectively form an 1mage processing “pipeline”
for performing each ol various image processing steps.
Although the subcomponents are shown as image signal
processors (ISPs), the function of the subcomponents may
be implemented using other hardware (e.g., digital signal
processors (DSPs) or application-specific integrated circuits
(ASICs)), software, or via a combination of hardware and
software components. The various 1mage processing opera-
tions may be provided by the image processing circuitry
100.

The 1mage processing circuitry 100 may include sub-
frame ISP(s) 103, an output frame ISP 104, and control logic
105, among others. The analog 1image signals captured by
the 1mage sensor 101 are passed to an analog-to-digital
(A/D) converter for conversion into binary values that can
be processed by the sub-frame ISP 103. In one embodiment,
an 1mage formed on the 1image sensor 101 by an optical lens
102 1s acquired, digitized and transmitted to the sub-frame
ISP 103, where 1t 1s further processed and stored in memory
108.

In accordance with embodiments of the present disclo-
sure, 1mages or sub-frames may be acquired at an acceler-
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ated mput frame rate (as compared to an output frame rate
for output frame(s)). Therefore, 1n one embodiment, during
acquisition of N sub-frames, the lens 102 periodically moves
through 1ts entire focus range, therefore each of the N
sub-frames 1s acquired at its specific focal distance.

FIG. 2 illustrates an exemplary time sequence of the
sub-frames and corresponding lens positions to help dem-
onstrated how the output frames are formed from the sub-
frames, 1n one embodiment. In this example, it 1s assumed
that the output frame rate 1s 25 Ips, corresponding to 40 ms
duration of each output frame. It 1s also assumed that the
duration of each output frame 1s divided into 5 sub-irames
(cach having a duration of 8 ms), corresponding to lens
focus positions at 1.2 m, 1.5 m, 2.5 m, 5 m, and infinity. In
different scenarios and/or embodiments, 1t 1s understood that
the frame rate, number of sub-frames 1n the frame, and
sub-frame focus positions may be modified, as should be
obvious to one skilled in the art.

In one embodiment, the lens controller 111 moves the lens
110 from a near focus position to a far focus position during
acquisition ol N sub-frames, and cyclically repeats this
movement. In the example above, the lens 110 1s moved
from 1.2 m to infinity during acquisition of 5 sub-frames. In
other operation modes or embodiments, the lens controller
111 may sweep the lens 110 within the chosen sub-range of
focus distances, e.g. to make objects sharp within the 0.5
m-1 m near sub-range, or within the 3 m-infinity far sub-
range, or within any other sub-range, defined by user, image
processor, or application.

Therefore, the N sub-frames spans the entire focus range,
and a single output frame 1s formed by output frame ISP 104
from N sub-frames. The sub-frames are stored in the
memory 108, during acquisition of each frame. Then, the
sub-frames are read from the memory by output frame ISP
104, and from multiple intermediate sub-frames a single
output frame 1s formed by output frame ISP 104. This output
frame can be formed by taking the sharpest or optimal pixels
from each sub-frame. For each pixel in the scene, a particu-
lar sub-frame exists in which this pixel 1s 1 focus. There-
fore, a pixel value 1s taken from that particular sub-frame.

Advantageously, such an output frame contains sharp
pixel values, since the pixels of the scene lying at distance
2.5 m are taken from the sub-frame corresponding to focus
at 2.5 m, while the pixels of the scene lying at distance
infinity are taken from the corresponding infinity sub-frame,
ctc. Further, a depth map of the scene can be formed,
because for each pixel, the corresponding sharpest sub-
frame 1s known.

In one embodiment, since each sub-frame corresponds to
specific distance to the object in-focus, the distance for each
pixel 1s extracted from a sub-frame index, where the pixel
was the sharpest. Referring now to FIG. 3, a plot of focus
measurements versus focus distances 1s provided. In this
example, 10 sub-frames are acquired to generate a single
output frame. The 10 sub-frames are i1dentified on the plot
with a sub-frame 1index number. In the diagram, sub-frame
#3 has the highest focus value amongst the 10 sub-frames
acquired. However, interpolation allows for making deter-
minations at higher degrees of accuracy.

As 1llustrated i FIG. 3, sub-frame #4 corresponds to
distance 0.7 m, sub-frame #5 corresponds to 0.8 m, and
sub-frame #6 corresponds to 1.0 m. IT one considers a
specific pixel that 1s sharpest on sub-frame #3 but is sharper
on sub-frame #4 than on sub-frame #6, this pixel may be
determined to lie at a distance between 0.7 m and 0.8 m
(closer to 0.8 m of #5 than to 0.7 m of #4, since sub-frame
#3 was sharper than sub-frame #4). Such system calibration
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and numerical comparison of sharpness measure allows
even higher accuracy 1n distance estimation. In one embodi-
ment, the sharpness measure can be evaluated as a sum of
absolute differences of the pixel value with its nearest
neighbors, or as any other sharpness measure known to
skilled 1n the art.

As a result, 1n one embodiment, a depth map of an 1mage
scene can be extracted, since for every pixel of the image,
the lens 110 passed through its sharpest focus position, and
this sharpest focus position can be evaluated from relative
energy ol the sharp contents to the blurred contents. There-
fore, 1n a depth map, the focus 1image information obtained
in post-processing can be positioned at appropriate depths
based on the analysis of image information from adjacent
frame exposures. In addition to generating the depth map
that defines a depth of each pixel in an 1mage, a stereoscopic
image (or sequence) may also be generated with pixels in the
stereoscopic 1mage being oflset in accordance with the depth
map. Therefore, the depth map may be used to convert a 2-D
image to a 3-D 1image.

Upon recerving the raw image data, the sub-frame ISP 103
may perform one or more 1mage processing operations. As
a non-limiting example, the sub-frame ISP 103 may perform
Bayer demosaicing, dark current (*black bias”) correction,
defective pixel correction, white balance and color correc-
tion, edge enhancement, noise reduction, and/or other image
processing operations as can be appreciated.

Sub-frame ISP 103 might also send control signals to
control logic 105, which 1n turns controls the lens position
(focal distance) of the lens 110. In one embodiment, 1mages
or frames may be acquired by the imaging device 150
sequentially on frame-by-frame basis with a frame rate of
25, 30, 50, 60 frames-per-second or other frame speed or
rate. Also, images may be acquired at an accelerated input
frame rate, accessed by output frame ISP 104, and integrated
to produce an output 1image or frame at the frame rate of 25,
30, 30, 60 frames-per-second or other frame speed. For
example, the 1mage sensor 101 may acquire the sub-frames
at the frame rate of 300 frames per second (300 ips) while
the output frame rate 1s 30 Ips. In this case, a single output
frame 1s formed for each 10 sub-frames.

In various embodiments, the frames are taken from the
memory 108 for further processing by applications, perma-
nent storage, displaying, video-output, compression or any
other purpose by camera interface 106. The imaging device
150 might have zoom lens, or other options and modifica-
tions not shown on FIG. 1, obvious to anybody skilled in the
art and omitted here for the sake of brevity and/or clarity as
less relevant to this disclosure.

In one embodiment, to decrease the processing load on the
sub-frame ISP, multiple sub-frame ISPs are used 1n parallel.
For example, if the sub-frame input rate exceeds the output
frame rate by the factor of N, N sub-frame ISP’s can be used.
Therefore, a multiplexor may be used to distribute the image
signals to the various sub-iframe ISPs 103, in some embodi-
ments. However, the number of sub-frame ISP’s does not
need to coincide with the frame rate multiplication number,
and embodiments where a single sub-frame ISP 103 pro-
vides all the processing at the accelerated sub-frame or input
frame rate are contemplated.

Referring back to FIG. 1, sub-frames 109a-N produced by
the sub-frame ISP 103 may be provided to the output frame
ISP 104 for additional processing prior to being output
through the camera interface 106 (e.g., displayed on a
display device, output to a storage device, etc.), or sent to the
memory 108. The output frame ISP 104 receives the sub-
frames 109a-N, either directly from the sub-frame ISP 103
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or from memory 108, and may provide for additional
processing operations described below 1n order to produce
the output frame 191 and/or depth map 192. The output
frame 191 and/or the depth map 192 produced by the output
frame ISP 104 may then be sent to memory 108 where they
may be accessed by the camera interface 106.

Further, 1n some implementations, an encoder 107, such
as a compression engine, etc., may process the output frame
191 prior to it being read by the camera interface 106. The
encoder 107 may be a JPEG (Joint Photographic Experts
Group) compression engine for encoding still 1mages, an
H.264 compression engine for encoding videos, and/or other
type of encoder. Also, 1t should be noted that the camera
interface 106 may also receive raw i1mage data from the
memory 108.

The control logic 105 may include a processor 1020 (FIG.
10) and/or microcontroller configured to execute one or
more routines (e.g., firmware) that may be configured to
determine control parameters for the imaging device 150, as
well as control parameters for the output frame ISP 104. By
way ol example only, the control parameters may include
sensor control parameters, camera tlash control parameters,
lens control parameters (e.g., focal distance for focusing or
zoom), or a combination of such parameters for the image
sensor(s) 101. The control parameters may also include
image processing commands, such as autowhite balance,
autofocus, autoexposure, and color adjustments, as well as
lens shading correction parameters for the output frame ISP
104. The control parameters may further comprise multi-
plexing signals or commands for the output frame ISP 104.

Next, a general description of the operation of the various
components of the immaging device 150 1s provided. To
begin, an operator of the imaging device 150 selects a mode
of operation for the imaging device 150 and initiates the
capture of raw 1mage data by the image sensor 101. In one
mode, a plurality of raw frames 1s captured at a diflerent
focus position of the lens 110 at an accelerated input frame
rate (as compared to an output frame rate). For example, to
produce a 3-D video of 30 frames per second (Ips), the
image sensor may capture the raw 1mages at a rate of 300
fps. By taking multiple images sequentially and in rapid
succession relative to the speed of the scene, the captured
scene will be substantially similar in each image. The focus
position of the lens 110 may be controlled by control logic
105. Accordingly, the control logic 105 may cause the lens
controller 111 to move the lens 110 continuously through the
focus range while the image sensor 101 captures images
along the way. In some embodiments, the focus range may
be less than the complete focus range of the lens 110 based
upon a user preference and/or information about the scene
provided by sensors available to the imaging device 150.

Upon receiving the raw 1mage data, the sub-frame ISP 103
may perform one or more image processing operations. The
sub-frames 109a-N produced by the sub-frame ISP 103 may
then be provided to the output frame ISP 104 for additional
processing prior to being output through the camera inter-
tace 106 (e.g., displayed on display device), or to the
memory 108. The output frame ISP 104 receives the “front-
end” processed data, either directly from the sub-frame ISP
103 or from memory 108, and may perform one or more of
several possible operations discussed below.

In some embodiments, a process element 1n the output
frame ISP 104 may perform an enhanced depth of field
process. In a corresponding mode of operation, sub-frames
109a-N are captured. By taking multiple 1images sequen-
tially and in rapid succession relative to the speed of the
scene, 1mage processing in the output frame ISP 104 may
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then take the sub-frames 1094a-N and combine them to
produce an output frame 191 with a greater depth of field. To
this end, the output frame ISP 104 creates an output frame
191 of the scene using portions of the scene that are the
sharpest from among the sub-frames 109a-N. The sharpness
may be evaluated using a sum of absolute diflerences of a
pixel value with 1ts nearest neighbors, Fourier analysis, edge
detection, and/or techniques as can be appreciated. The
resulting output frame 191 created eflectively extends the
depth of field beyond any one of the individual sub-frames
109a-N by combining the “in-focus™ regions of all the
sub-frames 109a-N.

Further, 1n a particular mode of operation, an embodiment
of the output frame ISP 104 may compile a depth map of the
scene based upon the sub-frames 109aq-N from which the
output frame 191 1s assembled. To this end, each pixel or
other portion of the output image 191 1s selected from a
particular one of the sub-frames 109a4-N where the pixel 1s
the sharpest. Since each one of the sub-frames 109a-N 1s
indexed and corresponds to a specific focal distance, the
distance between the imaging device 150 and the portion of
the scene represented 1n the pixel may be determined based
upon the particular one of the sub-frames 109a-N used to
“best” represent the pixel (1.e. the sharpest). In some
embodiments, interpolation may be used to determine the
distance to each pixel or other portion of the output frame
191 with a higher accuracy than may be determined based
upon the focal distance alone.

As a non-limiting example, consider the case when sub-
frame 109qa corresponds to a focus distance 1.0 meter (m),
sub-frame 1095 corresponds to a focus distance of 1.1 m,
and sub-frame 109¢ corresponds to a focus distance of 1.2
m. A specific pixel may be sharpest on sub-frame 1095, and
sharper on sub-frame 109¢ than on sub-frame 1094. In this
example, the output frame ISP 104 may use interpolation to
determine that the portion of the scene captured by the pixel
lies at distance between 1.1 and 1.15 meters due to the
observation that the pixel was sharper 1n sub-frame 109c¢
than 1n sub-frame 109a. Furthermore, system calibration and
numerical comparison of sharpness measurements may
allow even greater accuracy 1n distance estimation. Accord-
ingly, output frame ISP 104 may produce a depth map or a
sequence of depth maps that are available to be outputted at
an output frame rate. For example, stereoscopic content may
be distributed as an output image stream combined with a
depth map stream at the output frame rate, where the depth
map may be used to generate a plurality of stereoscopic
1mage pairs.

In some embodiments, a process element in the output
frame ISP 104 may perform an enhanced HDR process. A
mode of operation for the enhanced HDR process causes the
sub-frames 109a-N to be captured not only at different focus
positions, but also at diflerent exposure levels (e.g., different
gain settings). These sub-frames 109a-N may then be pro-
cessed by the output frame ISP 104 to produce an image
having an enhanced range for the particular characteristic.

Accordingly, sub-frames can be taken at different expo-
sure or gain level, to produce High Dynamic Range (HDR)
output 1image, where the output pixels for the bright regions
are taken from sub-frames with shorter exposure or lower
gain, while the pixels for darker regions are taken from
sub-frames with longer exposure or smaller gain. For
example, i a portion of the sub-frames 109a-N 1s acceptably
sharp 1n both sub-irame 109a taken with a high exposure and
sub-frame 1095 taken with a low exposure, then sub-frame
109a may be used to show the details in the dark regions,
while sub-frame 1096 for the bright regions. In order to
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increase the probability that a portion of a scene will be
acceptably sharp 1n two or more sub-frames 109a-N repre-
senting both a high and a low exposure, the capture rate for
sub-frames 109a-N may be increased when using the HDR
process. Therefore, higher sub-frame rates can be chosen, so
that for any focal distance two or more adjacent sub-frames
will be 1n focus. Additionally, the output frame ISP 104 may
employ the focus, gain and brightness of several similarly-
tocused sub-frames 1094-N 1n order to further improve the
dynamic range of the output image 191 using other HDR
techniques as can be appreciated.

In additional embodiments, for a particular mode of
operation, a process element 1n the output frame ISP 104
may perform a motion compensation process. By capturing,
sub-frames 109a-N sequentially and 1n rapid succession
relative to the speed of the scene, the captured scene will be
substantially similar in each sub-frame. However, the scene
as represented 1n the multiple sub-frames 109a-N may have
shifted slightly due to relative motion between the scene and
the 1maging device 150 during the capture process. There-
fore, the sub-frames 1094a-N may be compared to compen-
sate for the relative motion of the scene within the sequence.
For example, a fast moving object 1n a scene may appear 1n
slightly different locations within each of the sub-frames
109a-N. In order to accurately compare portions of a scene
from among the sub-frames 109a-N, the output frame ISP
104 may need to detect and compensate for motion 1n the
scene among the 1mages using various possible motion
compensation and/or motion estimation techniques as can be
appreciated.

In other embodiments, for a particular mode of operation,
a process element 1n the output frame ISP 104 may perform
enhanced noise reduction operations. In these embodiments,
corresponding regions of various sub-frames 109a-N may be
integrated to assemble the same region of the composite or
output frame 191. In particular, various sub-frames 109a-N
may be used for darker regions where noise 1s higher and/or
in smoother regions where focus accuracy may not be
critical. For example, multiple sub-frames can be used for
noise reduction in the output frame, such as 1 low-light
conditions, when the sub-frames are noisy, and/or in the
smooth regions, where many sub-frames are still 1n sufli-
ciently good focus and multiple sub-frames can be inte-
grated together to provide a smooth 1image with lower noise
and more accurate values of pixel colors and intensity.

As a non-limiting example, if the focus of sub-frame 109qa
1s sharpest for a region that 1s bright with areas of high
contrast, then focus accuracy i1s important, and this region of
the output frame 191 may be assembled from only sub-
frame 109a. However, as discussed previously, 11 the region
1s dark and/or smooth, focus accuracy in this region of the
output 1mage 191 may not be paramount. Under these
circumstances, the region of the output image 191 may be
assembled from sub-frame 109a, as well as sub-{frames 10954
and 109¢ 1n order to provide acceptably sharp focus with
lower 1image noise. Furthermore, the noise reduction opera-
tion may assign weights to the regions of the sub-frames
109a-N where the weights are proportional to the sharpness
of the regions.

Referring now to FIG. 4, one embodiment of the output
frame ISP 104 may send image information to a first process
clement 401 which may take the sub-frames 1094-N and
generate an output frame 191 for output on the camera
interface 106 and/or for further processing by a downstream
process element such as the second processing element 402.
Accordingly, the processing pipeline may be considered as
a series of specialized algorithms that adjusts image data 1n

10

15

20

25

30

35

40

45

50

55

60

65

8

real-time and 1s often implemented as an integrated compo-
nent of a system-on-chip (SoC) image processor. With an
image signal processing pipeline implemented 1n hardware,
front-end 1mage processing can be completed without plac-
Ing any processing burden on the main application processor
1020 (FIG. 10).

Referring next to FIG. 5, in one embodiment, an 1image
signal processing pipeline implemented by output frame ISP
104 contains a plurality of parallel paths instead of a single
linear path. As a non-limiting example, the parallel paths
may provide a first path and a second path. Therefore, while
a first sub-frame 109 1s being processed in the first path, a
second sub-frame 109 may be processed i the second and
parallel path. It may be that the second path contains fewer
stages or elements 521, 522 than the first path. Alternatively,
the first path may contain the same number of or less number
of stages or elements 511, 512 as compared to the second
path. Further, the second path may involve resolution down-
conversion ol the image to lessen the amount of pixels that
need to be processed during image processing, such as for
image analysis, in the pipeline. The benefits of the parallel
paths may apply to still images as well as video 1mages
captured by the image sensor 101 (FIG. 1). Use of parallel
paths 1n the image signal processing pipeline may enable
processing of multiple 1mage data simultaneously while
maximizing final 1image quality.

Referring to FIG. 6, in one embodiment of an 1image
processing pipeline implemented 1n the output frame ISP
104, processing clements 611, 612, may be divided up
between elements that are suited for the main output frame
191 and processing elements 621, 622 that are suited for a
secondary frame.

In some embodiments, similar pixels 1n the sub-frames
109a-N may be processed once and then disparate pixels
will be processed separately. It 1s noted that by taking
multiple sub-frames 1094-N sequentially and in rapid suc-
cession relative to the speed of the scene, the captured scene
will be substantially similar 1n each sub-frame 109. There-
fore, pixels of a first sub-frame 109a may be processed 1n a
main path of the pipeline. Additionally, similar pixels in a
second sub-frame 1095 may be identified with a similarity
mask, where the similar pixels are also contained 1n the first
sub-frame 109a (and are already being processed). After
removal of the similar pixels in the second sub-iframe 1095,
the remaining pixels may be processed in a secondary path
of the pipeline. By removing redundant processing, signifi-
cant power savings 1n the output frame ISP 104 may be
realized.

Further, 1n some embodiments, the images generated by
the first and second paths may be simultaneously displayed.
For example, one portion of a display can be used to show
a video (e.g., output from the first path) and a second portion
of the display can be used to show a still image or “snap-
shot” from the video (e.g., output from the second path)
which 1s responsive to a pause button on an interface of the
imaging device 150 (FIG. 1). Alternatively, an image frame
may be shown 1n a split screen of the display (e.g., left
section) and another 1mage frame may be shown in a right
section of the display. The imaging device 150 may be
configured to allow for a user to compare and select a
combination of sub-frames 109a-N (e.g., the frames being
displayed 1n the split screen) for processing by the output
frame ISP 104 to generate an output {frame 191 having
improved image quality.

As previously mentioned, embodiments of the 1maging
device 150 may employ modes of operation that are select-
able from interface elements of the device. Interface ele-



US 9,432,563 B2

9

ments may include graphical interface elements selectable
from a display or mechanical buttons or switches selectable
or switchable from a housing of the imaging device 150. In
one embodiment, a user may activate an enhanced mode of
operation, where multiple 1mages are captured and used to
produce an 1mage with enhanced characteristics (e.g., 3-D,
HDR, etc.) that may be viewed or saved in memory 108.

Referring to FIG. 7, 1n some embodiments, multiplexing
may be used for the image processing pipeline implemented
in the output frame ISP 104. The single image pipeline 1n the
output frame ISP 104 (FIG. 1) can therefore be multiplexed
by a multiplexor 701 between a plurality of sub-frames
1094-N that are being input in parallel to the pipeline from
the sub-frame ISP 103 (FIG. 1) and/or memory 108 (FIG. 1).
In some embodiments, the functionality of the multiplexor
701 may be embodied within the output frame ISP 104.

Therefore, instead of processing one of the output frames
191 and/or sub-frames 109a-N 1n 1ts entirety after the other
has been processed 1n its entirety, the frames can be pro-
cessed concurrently by switching processing between one
another as permitted by output frame ISP 104. This reduces
latency by not delaying processing of an image until
completion of the other 1mage, and processing of the two
images will finish more quickly.

Referring next to FIG. 8, shown 1s a flow chart that
provides one example of the operation of a portion of the
control logic 105 (FIG. 1) according to various embodi-
ments. It 1s understood that the flow chart of FIG. 8 provides
merely an example of the many different types of functional
arrangements that may be employed to implement the opera-
tion ol the portion of the control logic 105 as described
herein. As an alternative, the flow chart of FIG. 8 may be
viewed as depicting an example of operations or actions of
a method implemented 1n the electronic device 1005 (FIG.
10) according to one or more embodiments.

Beginning in block 803, the control logic 105 determines
the focus range to be used to capture a sequence of sub-
frames 109a-N (FIG. 1) and the number of sub-frames to
capture. The focus range may be the complete focus range
of alens 110 (FIG. 1) or the range may be limited to a shorter
range. As a non-limiting example, using a shorter range may
be appropriate 11 all the objects 1n a scene are near such that
using a focus of infinmity would not produce any objects in
focus. The number of sub-frames 109a-N to capture may be
based upon the depth of field for each captured sub-frame
109, the capability of the imaging device, user preference,
and/or other factors. An accelerated frame rate to be used to
acquire the number of sub-frames may then be determined
based on an output frame rate, in block 804.

Next, 1n block 806, the control logic 105 1nstructs the lens
controller 111 (FIG. 1) to position the lens 110 at the start of
the focus range. Then, 1n block 809, the control logic 105
instructs the image sensor 101 (FIG. 1) to capture a sub-
frame 109 at the present focus position at the accelerated
input frame rate. Subsequently, mm block 812, the control
logic 105 may store the captured sub-frame 109 in a memory
108 (FIG. 1). Next, in block 815, the control logic 105 may
determine if further sub-frames 109a-N remain to be capture
for a given sequence. If all the sub-frames 109a-N for a
sequence has been captured, execution of this portion of the
control logic 105 ends as shown.

Alternatively, 11 additional sub-frames 1094-N remain to
be captured, 1n block 818, the control logic 105 positions the
lens 110 at the next focus position and execution of the
control logic 105 returns to block 809. In some embodi-
ments, the lens 110 may continuously move during the
capture process. In these embodiments, the control logic 105
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in block 818 may not move the lens nto position, but may
instead determine the current position of the lens 110.

Next, referring to FIG. 9, shown 1s a flow chart that
provides an additional example of the operation of a portion
of the output frame ISP 104 according to various embodi-
ments. Beginning 1n block 903, the output frame ISP 104
may obtain captured sub-frames 1094-N (FIG. 1) from the
memory 108 (FIG. 1) and/or sub-frame ISP 103 (FIG. 1).
Next, 1 block 906, the output frame ISP 104 may apply
motion compensation to adjust for relative movement 1n the
scene among the sub-frames 1094-N. By taking multiple
sub-frames 109a-N sequentially and 1in rapid succession
relative to the speed of the scene, the captured scene will be
substantially similar 1n each sub-frame 109. However, the
scene as represented in the sub-frames 109a-N may have
shifted slightly due to relative motion between the scene and
the 1maging device 150 during the capture process. There-
fore, 1n the 1mage process, the sub-frames 109a-N may be
compared to compensate for the relative motion of the scene
among the sub-frames 109a-N.

Then, in block 909, the output frame ISP 104 may
compare the sharpness of a selected portion of the scene as
captured 1n the sub-frames 109a-N. The size of the portion
examined may be a pixel or may be a larger area such as, for
example, a macroblock. The comparison of sharpness may
be carried out using a sum of absolute differences of a pixel
value with 1ts nearest neighbors, Fourier analysis, edge
detection, and/or techniques as can be appreciated.

Next, in block 912, the output frame ISP 104 may
calculate the distance to a given portion of the scene as
determined by the focus position of the lens 110 used to
capture the particular sub-frame 109 1n which the given
portion of the scene 1s the sharpest. As discussed previously,
in some embodiments, iterpolation for the given portion of
the scene may be used in order to further improve the
accuracy of the distance measurement. Subsequently, 1n
block 913, the output frame ISP 104 may 1nsert the calcu-
lated depth of the portion of the scene into a depth map 192
(FIG. 1) being compiled for the entire scene.

Then, 1n block 915, the output frame ISP 104 determines
iI additional portions of the scene captured in the sub-frames
1094a-N exist for which a depth has not been determined. If
additional portions remain for determination, execution of
the output frame ISP 104 returns to block 909. Alternatively,
if all the portions of the scene have been measured, then, 1n
block 918, the output frame ISP 104 may begin generating
an output frame 191 using portions of one or more of the
sub-frames 109a-N selected to represent each region of the
output frame 191. Therefore, the output frame 191 1individu-
ally or as part of a video sequence may be output at an output
frame rate, in block 921. Further, the depth map 192 may be
output mdividually (or as a sequence/stream) and/or 1n
combination with the output frame 191 at the output frame
rate, 1n block 924. For example, output frame ISP 104 may
use the depth map 1192 and an output 1mage or frame 191
to generate a stereoscopic 1mage or sequence, 1 Some
embodiments. In one embodiment, a stereoscopic 1mage (or
sequence) may also be generated, by the output frame ISP
104, with pixels in the stereoscopic 1mage being offset 1n
accordance with the depth map 192. Thereaftter, this portion
of the execution of the output frame ISP 104 ends as shown.

Referring to FIG. 10, shown 1s a block diagram 1llustrat-
ing an example of an electronmic device 1005 that may
provide for the processing of 1mage data using one or more
of the 1image processing techniques described above. The
clectronic device 1005 may be any type of electronic device,
such as a digital camera, a video camera, a laptop, a desktop
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computer, a mobile phone, a tablet computer, a digital media
player, and/or any device that 1s configured to receive and
process 1mage data, such as data acquired using one or more
image sensing components (e.g., image sensor 101).

The electronic device 1005 may include various internal
and/or external components which contribute to the function
of the device 1005. Those of ordinary skill in the art will
appreciate that the various functional blocks shown in FIG.
10 may comprise hardware elements (including circuitry),
software elements (including computer code stored on a
computer readable medium) or a combination of both hard-
ware and software elements. For example, 1n the presently
illustrated embodiment, the electronic device 1005 may
include mput/output (I/0) ports 1010, one or more proces-
sors 1020, memory device 1030, storage device 1040, net-
working device 1050, power source 1060, and display 1070.
Additionally, the electronic device 1005 may include 1mag-
ing devices 1080, such as digital cameras or 1image sensors
101, and image processing circuitry 1090. As will be dis-
cussed further below, the 1mage processing circuitry 1090
may be configured to implement one or more of the above-
discussed 1mage processing techniques when processing
image data. As can be appreciated, image data processed by
image processing circuitry 1090 may be retrieved from the
memory 1030 and/or the non-volatile storage device(s)
1040, or may be acquired using the imaging device 1080.

It should be understood that the system block diagram of
the electronic device 1005 shown in FIG. 10 1s mtended to
be a high-level control diagram depicting various compo-
nents that may be included in such an electronic device
1005. That 1s, the connection lines between each individual
component shown 1n FIG. 10 may not necessarily represent
paths or directions through which data flows or 1s transmuit-
ted between various components of the electronic device
1005. Indeed, as discussed above, the depicted processor(s)
1020 may, 1n some embodiments, include multiple proces-
sors, such as a main processor (e.g., CPU), and dedicated
image and/or video processors. In such embodiments, the
processing of image data may be primarily handled by these
dedicated processors, thus effectively oflloading such tasks
from a main processor (CPU).

Any process descriptions or blocks in flow charts should
be understood as representing modules, segments, or por-
tions of code which 1nclude one or more executable mnstruc-
tions for implementing specific logical functions or actions
in the process, and alternate implementations are included
within the scope of embodiments of the present disclosure in
which functions may be executed out of order from that
shown or discussed, including substantially concurrently or
in reverse order, depending on the functionality mnvolved, as
would be understood by those reasonably skilled in the art.

In the context of this document, a “computer readable
medium”™ can be any means that can contain, store, com-
municate, or transport the program for use by or 1n connec-
tion with the instruction execution system, apparatus, or
device. The computer readable medium can be, for example
but not limited to, an electronic, magnetic, optical, electro-
magnetic, infrared, or semiconductor system, apparatus, or
device. More specific examples (a non-exhaustive list) of the
computer readable medium would include the following: an
clectrical connection (electronic) having one or more wires,
a portable computer diskette (magnetic), a random access
memory (RAM) (electronic), a read-only memory (ROM)
(electronic), an erasable programmable read-only memory
(EPROM or Flash memory) (electronic), an optical fiber
(optical), and a portable compact disc read-only memory
(CDROM) (optical). In addition, the scope of certain
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embodiments includes embodying the functionality of the
embodiments in logic embodied in hardware or software-
configured mediums.

It should be emphasized that the above-described embodi-
ments are merely possible examples of implementations,
merely set forth for a clear understanding of the principles
of the disclosure. Many variations and modifications may be
made to the above-described embodiment(s) without depart-
ing substantially from the spirit and principles of the dis-
closure. All such modifications and variations are intended
to be included herein within the scope of this disclosure and
protected by the following claims.

Therefore, having thus described the invention, at least
the following 1s claimed:

1. An 1maging device, comprising:

an optical lens adapted to form a focused image at a
plurality of focus distances;

an 1mage sensor adapted to transform an optical image
formed by the optical lens into a digital signal repre-
senting the optical image;

a memory that stores acquired sub-frames, wherein each
of the acquired sub-frames comprises a digital signal
representation of an optical image of an object from the
image sensor, the optical image being captured at a

focus distance from the optical lens corresponding to a
focus position of the optical lens, the focus position
being different for each of the acquired sub-frames; and
processing circuitry configured to:
process the acquired sub-frames and form a single
output frame from the acquired sub-frames acquired
at different optical lens focus positions by identify-
ing, for each pixel in the single output frame, a value
of a pixel in one of the acquired sub-frames that has
an optimal focus value as compared to corresponding,
pixel values 1n remaining ones of the acquired sub-
frames and using the identified value of the pixel 1n
the single output frame, and
calculate a depth map for the single output frame based
at least 1n part on the focus positions of the acquired
sub-frames, the depth map representing, for each
pixel selected for the single output frame, a corre-
sponding focus distance of the pixel, the correspond-
ing focus distance of at least one pixel being inter-
polated based at least 1n part on another focus value
of another pixel 1n another one of the acquired
sub-frames that has a second most optimal focus
value as compared to the corresponding pixel values
in the remaining ones of the acquired sub-irames.

2. The imaging device of claim 1, wherein the optical lens
1s swept within a defined focus range within a time interval
of a single output video frame, wherein the acquired sub-
frames are captured during the time interval to produce a
video stream at a constant output frame rate by the process-
Ing circuitry.

3. The imaging device of claim 1, wherein each of the
acquired sub-frames 1s further captured at different exposure
values.

4. The imaging device of claim 3, wherein the processing
circuitry 1s further configured to select ones of the acquired
sub-frames with shorter exposure values to be used to
produce output pixel values for brighter regions in a scene,
wherein sub-frames with longer exposure values are used to
produce output pixel values for darker regions in the scene.

5. The imaging device of claim 1, further comprising logic
that determines a count of the acquired sub-frames needed,
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wherein an input frame rate for acquiring the acquired
sub-frames 1s determined based on dividing an output frame
rate by the count.

6. The imaging device of claam 1, wheremn the optimal
focus value 1s 1dentified by measuring a sharpness value of
a pixel amongst the acquired sub-frames, wherein a degree
of sharpness of the pixel in each respective acquired sub-
frame of the acquired sub-frames 1s measured as a sum of
absolute differences with a plurality of adjacent pixels 1n
cach respective acquired sub-frame of the acquired sub-
frames.

7. The 1imaging device of claim 1, wherein each of the
acquired sub-frames are captured at a degree of exposure,
the degree of exposure being different for a subset of the
acquired sub-frames, and the single output frame being a
high dynamic range (HDR) frame comprising a plurality of
pixels selected from the subset of the acquired sub-frames.

8. The imaging device of claim 1, wherein the processing
circuitry 1s further configured to generate a video based upon
a temporal sequence of frames comprising the single output
frame.

9. The imaging device of claim 1, wherein the processing,
circuitry 1s further configured to:

combine the depth map with the single output frame to

generate a stereoscopic 1mage, wherein pixels of the
stereoscopic 1image are oilset based at least on the depth
map.
10. A method, comprising:
capturing, 1n an 1maging device, a plurality of sub-frames
at an mmput frame rate, each of the plurality of sub-
frames comprising a representation of an object cap-
tured at a focus position of a lens, the focus position
being diflerent for each of the plurality of sub-frames;

identifying, in the imaging device, one of the plurality of
sub-frames having a portion of the object captured 1n a
region, the region having a focus accuracy at least as
great as a corresponding region of remaining ones of
the plurality of sub-frames used to capture the portion;

calculating, 1n the imaging device, a depth map stream for
the object, at least one of the depth maps of the depth
map stream being based at least upon the focus position
at which the one of the plurality of sub-frames was
captured, the at least one of the depth maps comprising
a focus distance of the portion of the object; and

generating a stream of output frames comprising the
object at an output frame rate utilizing regions of the
plurality of sub-frames which are determined to be at
optimal focus positions, the at least one of the output
frames based at least upon the region of the one of the
plurality of sub-frames and the at least one of the depth
maps, wherein the output frames comprise stereoscopic
images having pixels that are offset based at least on the
depth maps of the depth map stream.

11. The method of claim 10, wherein the input frame rate
1s greater than the output frame rate.

12. The method of claim 11, further comprising generat-
ing, in the imaging device, a video based upon a temporal
sequence of the stream of output frames.

13. The method of claim 12, wherein the at least one of
the output frames 1s generated within a measure of time
corresponding to a frame rate of the video, and the plurality
of sub-frames are captured within the measure of time.

14. The method of claim 10, wherein a count of the
plurality of sub-frames captured varies based a selected
focus range of the lens.

15. The method of claim 10, wherein the method further
COmMprises:
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identitying, for each pixel 1n the at least one of the output
frames, a value of a pixel in one of the plurality of
sub-frames that has an optimal focus value as compared
to corresponding pixel values in remaining ones of the
plurality of sub-frames and using the 1dentified value of
the pixel 1n the at least one of the output frames,
wherein the at least one of the depth maps represents,
for each pixel selected for the at least one of the output
frames, a corresponding focus distance of the pixel, the
corresponding focus distance of at least one pixel being
interpolated based at least in part on another focus
value of another pixel 1n another one of the plurality of
sub-frames that has a second most optimal focus value
as compared to the corresponding pixel values in the
remaining ones of the plurality of sub-frames.
16. A computer program product comprising instructions
stored 1n a non-transitory computer-readable storage
medium, the structions comprising:
instructions to capture of a plurality of sub-frames at an
input frame rate by an optical lens, each of the plurality
of sub-frames comprising a representation of an object
captured at a focus position of the optical lens, the
focus position being different for each of the plurality
of sub-frames:
instructions to identily one of the plurality of sub-frames
having a portion of the object captured 1n a region, the
region having a focus accuracy at least as great as a
corresponding region of remaining ones of the plurality
ol sub-frames used to capture the portion;

instructions to compile a depth map of the object based at
least upon the focus position at which the one of the
plurality of sub-frames was captured, the depth map
comprising a focus distance of the portion of the object;
and

instructions to combine the depth map with a single

output frame to generate a stereoscopic 1mage, wherein
pixels of the stereoscopic image are oflset based at least
on the depth map that comprises the focus distance of
the portion of the object.

17. The computer program product of claim 16, wherein
the 1nstructions further comprise:

instructions to generate output frames of the object at an

output frame rate utilizing regions of the plurality of
sub-frames which are determined to be at optimal focus
positions, the output frames comprising the single
output frame and the single output frame being based at
least upon the region of the one of the sub-frames and
the depth map, wherein the 1mnput frame rate is greater
than the output frame rate;

instructions to generate a depth map stream that com-

prises the depth map; and

instructions to output an output video stream comprising,

the output frames, wherein each of the output frames 1s
combined with a respective depth map of the depth map
stream at the output frame rate to generate stereoscopic
images from the output frames, the stereoscopic images
being output as part of the output video stream, and
pixels of the stereoscopic images being oilset based at
least on the respective depth map of the depth map
stream.

18. The computer program product of claim 17, wherein
the plurality of sub-frames are captured at diflerent exposure
levels.

19. The computer program product of claim 16, wherein
the 1nstructions further comprise:

instructions to cause the optical lens to be swept within a

defined focus range within a time interval of a single
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output video frame, wherein the plurality of sub-frames
are captured during the time interval to produce a video
stream at a constant output frame rate.
20. The computer program product of claim 16, wherein
the 1nstructions further comprise: 5
instructions to 1dentify, for each pixel 1n the single output
frame, a value of a pixel in one of the plurality of
sub-frames that has an optimal focus value as compared
to corresponding pixel values in remaining ones of the
plurality of sub-frames and using the identified value of 10
the pixel 1n the single output frame, wherein the depth
map represents, for each pixel selected for the single
output frame, a corresponding focus distance of the
pixel, the corresponding focus distance of at least one
pixel being interpolated based at least 1n part on another 15
focus value of another pixel in another one of the
plurality of sub-frames that has a second most optimal
focus value as compared to the corresponding pixel
values 1n the remaining ones of the plurality of sub-
frames. 20
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